Plow visualizations in a high Reynolds number, Mach 3, fully developed turbulent boundary layer indicate that the upper half of the boundary layer is populated with elongated longitudinal structures. These structures are robust with considerable streamwise but very limited spanwise extent, and are randomly distributed in space and time. Possible mechanisms for the generation of these structures are discussed.
Over three decades ago, Morkovin' hypothesized that the structure of supersonic shear layers should not be much different than that of incompressible shear layers, as long as the root-mean-square density fluctuations normalized by the mean density remain relatively small. Bradshaw" suggested a Mach number of 5 as the upper limit for such similarity in boundary layers and wakes, and 1.5 for jets and free shear layers. The disparity in the limiting Mach number for similarity is a result of the highly three-dimensional nature of structures in boundary layers, which are much less sensitive to the Mach number difference across the layer than the more organized energetic structures in jets and free shear layers.3 While the free stream Mach number characterizes the compressibility level in boundary layers and wakes, the convective Mach number is a more appropriate parameter in jets and mixing layers.4 The upper limit of the convective Mach number for similarity of the structure of compressible and incompressible free shear layers is on the order of 0.5. ' Bradshaw stressed that by structure he meant properties such as correlation coefficients and spectrum shape which are normalized by appropriate turbulent quantities rather than properties such as skin friction coefficient and Reynolds stresses which are normalized by the mean flow quantities. One would infer from this definition that large-scale structures, which are major contributors to turbulence properties such as the correlation coefficient, will also remain similar within the Mach number ranges mentioned above.
Unfortunately, information on the structure of supersonic boundary layers is very scarce, and therefore the extent to which Morkovin's hypothesis applies and the upper Mach number limit for the similarity of compressible and incompressible boundary layers have not been rigorously tested. Smits et al.' compared turbulence data for subsonic and Mach 3 boundary layers and found many similarities but also some subtle differences. This suggests that Morkovin's hypothesis might not hold in boundary layers at Mach numbers even as low as 3. Since the Reynolds numbers based on the momentum thickness in these comparisons were quite different (80 000 versus 5000)) one must be cautious in drawing concrete conclusions from these comparisons. However, our limited results in a Mach 3 boundary layer with a Reynolds number of 25 000 confirm some of these differences (e.g., much lower correlation coefficient in the upper half of the boundary layer relative to the subsonic case or even a Mach 2 case), and point out that the differences are most probably due to compressibility rather than Reynolds number effects5
The most prevalent structures observed in the incompressible boundary layers are the low speed streamwise streaks that dominate the wall region (the viscous sublayer, the buffer region, and a part of the logarithmic region) and the horseshoe (low Reynolds number) or hairpin (high Reynolds number) structures which dominate part of the logarithmic region and the outer part of the boundary layer.7 In the outer part of supersonic boundary layers, large structures having inclination angles somewhat larger than those of the outer layer structures in subsonic boundary layers have been observed.* Also, the correlation measurements of Smits et al. 6 show that in the outer region the average spanwise scale of the structures is similar, however, the average streamwise scale for the supersonic case is twice that of the subsonic case. There does not seem to be a general agreement on the mechanisms behind the formation of the streaks. As the Reynolds number increases, the extent of the wall-region significantly decreases. Thus in supersonic and hypersonic boundary layers, the breadth of the wall layer is so small that it is beyond the reach of current experimental and simulation capabilities. Therefore, while the wall region of low Reynolds number incompressible boundary layers has been probed extensively, that of high speed flows, and as a result the similarity of structure of compressible and incompressible flows in this region, has been investigated very little. In this Letter, we present some new results in the outer region of a Mach 3 boundary layer which highlight another major difference between the structures in compressible and incompressible boundary layers.
The experiments were conducted at the Aeronautical and Astronautical Rese$ych Laboratory of the Ohio State University. The wind tunnel has a test section 152.4 mm wide and 76.2 mm high. The incoming boundary layer develops on a 5at plate of nearly 670 mm in length upstream of the test section. The boundary layer and momentum thicknesses of the Mach 3.01 fully developed turbulent boundary layer are 9.2 and 0.37 mm, and the unit Reynolds number is 6.68X 107/m. ' The filtered Rayleigh scattering technique was used for flow visualizations. A thin light sheet was created using a Quanta Ray GCR4 frequency-doubled (532 nm) Nd:YAG laser, which is injection seeded to provide a narrow linewidth and approximately 50 GHz tuning capa- bility. The pulse duration of the laser is 9 ns, effectively freezing the 5ow while an image is taken. Images are collected with a Princeton Instruments ICCD camera with 14-bit output and stored on a computer. The scattering medium for these visualizations is the small amount of water vapor that remains in the tunnel supply air after passing through the system's desiccant driers. Upon expanding through the supersonic nozzle, the water vapor condenses from a supersaturated state to form small particles in the supersonic free stream. The higher temperature due to viscous dissipation prevents condensation within the boundary layer, thus providing a means of visualizing the interface between boundary layer and freestream fluid. The formation of condensed water particles in supersonic flows has been used in visualizations of compressible boundary layers9"o and mixing layers. l1 The scattered light from these particles is in the Rayleigh regime indicating that the particles have a diameter less than approximately 50 nm. Therefore, they should faithfully follow the large-scale structures of the boundary layer. The time scale for the formation and destruction of these particles is very small, but very difficult to measure accurately. All indications from high speed mixing layer experiments in this facility are that the particles should have sufficient response time to mark the changes in the large-scale structures. The strong reflections near the solid surface dominate the weak Rayleigh scattering signal from the condensed water particles within the boundary layer. The filtered Rayleigh scattering technique introduced by Miles et al. I2 was used to eliminate this background scattering. We h";';"o F$rsively employed this technique in supersonic flows. ' ' ' Figure 1 shows two typical spanwise images (y-z plane) of the boundary layer. Since the laser has a repeition rate of 10 Hz and was operating in the single pulse mode, all of the presented images are uncorrelated. The images in Fig. 1 portray a typical supersonic boundary layer with the outer layer large-scale structures that have limited spanwise extent and give rise to a highly intermittent interface region. Figure 2 shows two streamwise (x-y plane) images of the boundary layer. The image on the top shows a large-scale structure, with an angle of about 35" to the streamwise direction, that extends significantly into the free stream. This is the kind of structure perceived to dominate the supersonic boundary layer.14 The intermittency of the boundary layer would be much higher if the boundary layer were dominated by this type of structures. The magnitude and extent of intermittency for supersonic boundary layers are much smaller than for subsonic boundary layers.6'8 The second image is a similar view (more images presented in Ref. 10) which indicates how much the outer layer structures change with time and space. This might shed some light on the reduced intermittency of supersonic boundary layers. Figure 3 shows plan views (X-Z plane) of the boundary layer at y/S = 0.49 and 0.65 (similar images were acquired at y/6=0.87); the flow direction is from upper right to lower left in the images. The camera was located 35" above the x-z plane and 45" from the spanwise direction. One observes the strong presence of structures which are parallel to the wall and aligned with the streamwise direction. The Rayleigh scattering signal from the condensation in the free stream dominates the signal when the laser sheet is located above y/S of about 0.9 and there is no signal when the sheet is located below y/S of about 0.5 due to the lack of condensation particles. Therefore, one could say with certainty that the upper half of the boundary layer is populated with these structures. However, the question of how close to the wall these structures exist cannot be answered at this point. These structures have a large streamwise, but limited spanwise extent. In comparison with the streamwise streaks in the wall region of subsonic boundary layers, these structures seem to have larger aspect ratio (spanwise to streamwise extent) and also do not change substantially with y, in contrast to dramatic changes in the subsonic case.15 Note that the structures shown in Fig. 3 indicate high speed fluid in contrast to the low speed streaks visualized in the subsonic case. These structures are very robust, as evidenced by the fact that removing all the flow conditioning elements from the settling chamber did not significantly affect their presence and nature. These structures disappear when several images are averaged, signifying that the structures are randomly distributed in space and time. Space-time correlation measurements using hot wires16 indicate strong correlations for a large streamwise distance in the outer part of the boundary layer, suggesting the existence of persistent large structures in incompressible boundary layers. However, conditional measurements in the outer region17t'8 have shown the structures are inclined approximately 30" to the streamwise direction, in contrast to the structures shown in Fig. 3 that appear to be aligned with the streamwise direction. Smith et al. I9 used UV Rayleigh scattering in a very small-scale tunnel with a Reynolds number based on momentum thickness of 14 000 at y/6=0.6 and did not find any streamwise structures. Their flow marking method was similar to that used here and it is not clear why they did not observe these structures. The scale/Reynolds number differences might be responsible. It should also be noted that without eliminating scattering from the surfaces with the molecular filter, we would not be able to observe the structures shown in Fig.   3 .
The results shown in Fig. 3 raise two questions: What is the significance of these structures? Also, what is the mechanism behind their generation? There is no concrete answer to either question and one can only speculate at this time. Since these structures dominate at least the upper half of the boundary layer, they should play an important role in the dynamics of the boundary layer. Recent simulationzO and experimenta121 results show that the mechanism behind the generation of longitudinal streaks in incompressible cases is more closely related to the local shear rate than the no-slip boundary condition. One mechanism that would generate high shear rate in the upper part Phys. Fluids, Vol. 8, No. 3, March 1994 of a supersonic boundary layer is a shocklet. A shocklet is generated if the convective velocity of an individual structure is supersonic. For this Mach 3 flow, this would require the presence of structures in the upper part of the boundary layer with a convective velocity smaller than 0.7U,. The broadband convective velocity for supersonic flows is about 0.9 U, ,8 which perhaps makes the existence of shocklets an unlikely event.
